Objective: To investigate the role of the brain dopaminergic system in cognitive impairment in patients with Parkinson disease (PD).
F]fluorodopa uptake values. The influx constant (K i occ ) in the caudate nucleus had a negative association with performance in the attention-demanding Stroop interference task, especially with the interference time. The K i occ in the frontal cortex had a positive correlation with performance in the digit span (backwards), verbal fluency, and verbal immediate recall tests. Thus, the better the patient performed in tasks demanding immediate and working memory and executive strategies, the better the [ 18 F]fluorodopa uptake in the frontal cortex. In the putamen, no significant correlation was seen between the K i occ value and any of the cognitive tests. The severity of the motor symptoms of PD and [
18 F]fluorodopa uptake showed a negative correlation in the putamen (r = −0.38; P = .04), and in the caudate nucleus a similar trend was seen (r = −0.36; P = .06).
Conclusions: Reduced [
18 F]fluorodopa uptake in PD in the caudate nucleus (and frontal cortex) is related to impairment in neuropsychologic tests measuring verbal fluency, working memory, and attentional functioning reflecting frontal lobe function. This indicates that dysfunction of the dopamine system has an impact on the cognitive impairment of patients with PD. However, our results do not exclude the possibility of more generalized cognitive impairment in PD, the pathophysiology of which is probably different and more generalized.
Arch Neurol. 2000; 57:470-475 C OGNITIVE IMPAIRMENT and dementia are common in Parkinson disease (PD). Patients have characteristic cognitive deficits, [1] [2] [3] and they show impairment especially in neuropsychologic tests thought to be sensitive for frontal lobe function. [1] [2] [3] [4] [5] Therefore, some investigators 4, 6 have emphasized the "frontal" or "frontostriatal" nature of the cognitive deficits seen in PD, whereas others have suggested a more generalized profile of cognitive impairment 7 or have used a wider concept of "subcortical" dementia. 8 Thus, patients with PD might show specific, in particular frontal, and generalized cognitive dysfunctioning. The neuroanatomic basis of frontal deficits is suggested to be dysfunction of the neuronal loops connecting the basal ganglia and frontal lobes, 9 but the pathophysiological basis of these various types of cognitive deficits is still unclear.
The majority of dopaminergic neurons are located in the substantia nigra (SN). The main projection from the SN is to the striatum (putamen and caudate nucleus). In addition, there are dopaminergic projections directly from the SN and ventral tegmental area to the cortical and limbic areas. [10] [11] [12] Thus, there are direct dopaminergic connections to the frontal brain areas. In addition, the caudate nucleus, receiving dopaminergic input from the SN, is connected to the frontal brain areas via neuronal loops. 9 Thus, by these connections, dopaminergic input to the caudate nucleus can indirectly affect frontal functions. Furthermore, increasing evidence suggests functional segregation of the pu- 
SUBJECTS AND METHODS

PATIENTS AND CONTROLS
The study population consisted of 28 patients (17 women and 11 men) with idiopathic PD. Patients were diagnosed and regularly followed up at the Department of Neurology, University of Turku, Turku, Finland. All patients had a positive response to levodopa therapy. Mean patient age at the time of PET scanning was 64.1 years (range, 50.0-74.0 years). The mean duration of disease was 14.5 years (range, 5.0-29.0 years). The severity of the disease according to the modified Hoehn and Yahr scale 21 was 1.5 to 4.0 (mean, 2.7). The clinical characteristics of the patients are shown in Table 1 . All patients were receiving levodopa. In addition, 14 patients were treated with a dopamine agonist, 9 of whom were also receiving selegiline hydrochloride. None of the patients were taking anticholinergic drugs at the time of neuropsychologic testing or the PET study.
Control subjects (8 women and 8 men; age, mean [SD], 62.4 [6.6] years) were healthy volunteers without any history or signs of neurologic or psychiatric disease. There was no significant difference in demographic characteristics (sex distribution and age) between patients with PD and controls. To rule out any structural lesions, all subjects (patients and controls) underwent brain computed tomography (CT), magnetic resonance imaging (MRI), or both. All the scans were visually inspected and interpreted by an experienced neuroradiologist. All controls had normal findings, and 5 patients showed mild cortical atrophy including the frontal lobes.
The study was approved by the joint ethical committee of University of Turku and University of Turku Hospital. All patients gave written informed consent.
METHODS
Neuropsychologic Assessment
Overall cognitive performance was evaluated using the Mini-Mental State Examination 22 and the Mild Deterioration Battery (MDB 23, 24 ) of verbal, visuomotor, and memory tests. The MDB was first used to determine the severity grades of cognitive impairment by comparing the overall performance of the patients with the age reference values derived from a sample of healthy individuals. Second, certain subtests of the MDB (digit span) and tests measuring verbal fluency and attention served as measures of cognitive functioning related to the frontal lobes.
The MDB included 8 tests: 4 subtests of the Wechsler Adult Intelligence Scale 25 -similarities (conceptual reasoning and semantic memory), digit span (immediate and working memory and attention), digit symbol (visuomotor speed), and block design (visuoconstructive skill)-the Benton Revised Visual Retention Test, 26 immediate recall of 30 paired word associates (PWAs) for verbal memory, immediate recall of verbal-visual memory of 20 common objects, and naming time of 20 common objects. For overall evaluation, patients received deterioration points if their performance on any of the tests was below −1.5 SD compared with reference values obtained from healthy age-matched controls. 27, 28 If the patient scored below −1.5 SD compared with the control group, he or she received 1 deterioration point; if below −2 SD, then 2 points; and if below −3 SD, then 3 points. Thus, the maximum deterioration score was 24. In addition, in the tasks of object memory and PWA, delayed recall after 1 hour was assessed to evaluate long-term memory function.
More specific tests for frontal lobe function were conducted. First, 2 tasks on verbal fluency demanding executive strategies were studied. On the phonological fluency task, patients were asked to generate within 60 seconds as many words as possible beginning with the letter s. On the semantic fluency task, they were asked to name as many animals as possible within 60 seconds. Second, attentional functioning was measured using Stroop tasks with 4 colors. On the control task, patients were instructed to name the color of the ink of 100 rectangles as quickly as possible. On the interference task, patients named the color of the ink of 100 written words in which the color and the meaning were contradictory (eg, the word blue printed in red). This task requires continuous suppression of automatic processing of word meaning. A practice round preceded the interference task. The color naming times on the 2 tasks and the difference between them (interference time) served as variables in the Stroop test, 24, 29 which was performed by 18 patients. The Beck Depression Inventory was also administered to all patients.
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Positron Emission Tomography A dynamic study with 37 time frames and a total duration of 90 minutes was performed. Regions of interest were drawn on the head of the caudate nucleus, putamen, medial frontal cortex, and lateral occipital cortex on 2 consecutive planes on integrated (20-90 minutes) PET images. The regions of interest were identified by visual inspection with the help of a neuroanatomic atlas and CT or MRI. The radioactivity concentrations were calculated for each region of interest, and the values of the corresponding anatomical structures on the 2 consecutive planes were averaged. The influx constant (K i occ ) was calculated with a multiple time graphical analysis approach, 34 modified using a nonspecific tissue (occipital cortex) rather than plasma input function, with a procedure previously described. 15 tamen and caudate nucleus. The putamen might be more involved with motor behavior, whereas the caudate nucleus also participates in behavioral functions. 13 The main biochemical consequence of the progressive loss of nigrostriatal dopamine neurons in PD is a deficiency of dopamine in the striatum. When the dysfunction of the nigrostriatal dopamine system becomes more severe, the motor disability worsens. [14] [15] [16] Brain dopamine systems other than the nigrostriatal projections, such as those projecting directly to the cortical areas, are also affected in PD, as is indicated by a widespread reduction in dopamine content. 17 Patients with PD were impaired after withdrawal from levodopa therapy, especially in cognitive tests sensitive to frontal lobe function, 5, 18, 19 suggesting that dopamine is associated with frontal cognitive functions in PD. Some investigators, 20 however, have found levodopa therapy to be ineffective for cognitive symptoms. On the other hand, performance in tests measuring long-term memory, primarily reflecting medial temporal lobe functions, has been reported to improve in PD with dopaminergic therapy (for a review see Yanagisawa 20 ). Therefore, the dopamine system in different brain areas seems to be involved in many cognitive functions in PD, especially in those thought to be related to the function of the frontal lobes.
The aim of this study was to investigate in vivo, using positron emission tomography (PET), whether the brain dopamine system is involved in cognitive functions in patients with PD. Our hypothesis was that there is an association between reduced [ Table 2 . There was a significant reduction in K i occ values in the putamen (to 36% of the control mean; PϽ.001) and the caudate nucleus (to 61% of the control mean; PϽ.001) in patients with PD compared with controls. In the frontal cortex, K i occ values in patients with PD were reduced to 45% of the control mean (PϽ.001).
There was no significant association between the degree of overall cognitive impairment (Mini-Mental State Examination or MDB score) of the patients and the [ Results of the regression analysis for correlations between K i occ values in different brain areas and results of cognitive tests after correcting for the effect of duration and severity of disease are shown in Table 3 . In the Stroop test, there was a negative association between K i occ in the cau- date nucleus and speed in the interference task. Furthermore, a similar trend was seen between caudate K i occ and the Stroop interference time. That is, the lower the K i occ in the caudate nucleus, the more time it took to perform the interference task compared with the control task. A similar trend between speed in the interference task and interference time in the Stroop test and K i occ was seen in the frontal cortex (Table 3 ). In addition, K i occ in the frontal cortex had a positive correlation with the performance in the digit span backwards, phonological fluency, and PWA immediate recall tests (Table 3) . Thus, the better the patient performed on the tasks demanding immediate and working memory, the better the [ As predictable, there was a significant negative correlation between the severity of the motor symptoms of PD and [ 18 F]fluorodopa uptake in the putamen (r = −0.38; P = .04). In the caudate nucleus, a similar trend was seen (r = −0.36; P = .06).
COMMENT
Our results show that dysfunction of the dopamine system in the caudate, but not in the putamen, is related to certain characteristics of cognitive impairment in PD. This association was seen only in neuropsychologic tests thought to be sensitive for frontal lobe function. Another factor emphasizing the selectivity of our findings is that no correlation between neuropsychologic test results reflecting temporal lobe function and [
18 F]fluorodopa uptake was seen.
Holthoff et al 37 studied 7 pairs of twins discordant for PD. They found a significant correlation between scores obtained in Buschke's selective reminding task and striatal [ 18 F]fluorodopa uptake. Both the twins with PD and their clinically asymptomatic cotwins were combined in a single group, which might have, at least partially, contributed to the high correlation found between the verbal memory test score and fluorodopa uptake (r = 0.8 and 0.9 for caudate and putamen, respectively). These verbal memory test scores comprised episodic memory, including delayed recall. These scores might focus on temporal rather than frontal lobe function. They found an association between performance in a selective reminding task and [ ). In the putamen, no such correlation was seen. Our findings are in line with those of Holthoff-Detto et al 38 in that there was a correlation between some cognitive functions in PD and [
18 F]fluorodopa uptake. However, our findings indicate that this association is seen not only in the caudate nucleus but also in the frontal cortex. Moreover, in our study, the significant association between [ 18 F]fluorodopa uptake and cognitive performance was seen in tests demanding working memory and attention, ie, in tests thought to be sensitive for frontal lobe functions. In contrast to previous results, 37,38 no significant association was seen for test variables primarily reflecting medial temporal lobe function, such as delayed recall performance. This does not exclude the possibility that there might be a relationship between temporal lobe dopamine function and performance in episodic memory tests in PD.
In our study, the regions of interest were not placed using anatomical reference based on MRIs but were drawn directly on PET images. In the frontal cortex, the signalnoise ratio of [ 18 F]fluorodopa uptake is clearly lower than that in the striatum. Thus, there is a certain degree of uncertainty in the determination of [ 18 F]fluorodopa uptake in the frontal lobes. In addition, possible atrophy of the frontal lobes might be related to cognitive impairment of the patients. However, only 6 of our patients ful- filled the clinical criteria for dementia, and only 1 showed mild frontal atrophy on CT or MRI indistinguishable from that seen in the rest of the patients. Altogether, only 5 patients had mild atrophy of the frontal lobes after visual inspection of the CT or MRI scans by an experienced neuroradiologist. However, our results concerning the frontal lobes should be interpreted as preliminary. Thus, in future studies on frontal cortex [ 18 F]fluorodopa uptake, it is important to coregister the PET scans with anatomical scans.
In A correlation does not necessarily imply a causal relationship. An association between cognitive impairment and reduced [
18 F]fluorodopa uptake might be due to an overall decline in dopaminergic function with increasing severity of disease. It might be accompanied also by cognitive impairment because it has been shown that in PD the probability of having cognitive impairment and the severity of this impairment increase with advanced disease, 27 although the duration of developing cognitive impairment might vary individually. However, in our statistical analyses, we took into consideration the duration and severity of the disease and still found an association between [ 18 F]fluorodopa uptake in the caudate nucleus and frontal cortex and cognitive performance of patients. More important, the correlations between [
18 F]fluorodopa uptake and cognitive impairment were seen in the caudate nucleus (and frontal cortex), but in the putamen, which is thought to be related mainly to motor function, we did not see any significant correlations between [
18 F]fluorodopa uptake and cognitive performance of patients. Pathological studies have shown a correlation between neuronal loss in those areas of the SN projecting to frontal areas and caudate nucleus and the degree of cognitive impairment of patients. 16, 40 The neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) causes a selective dopaminergic lesion. In people exposed to MPTP, cognitive symptoms similar to those seen in PD were noted, ie, deficits in visuospatial and executive functions (such as the verbal fluency task). 41 Similar but less severe impairment was also found in asymptomatic (in the motor sense) persons with limited exposure to MPTP. 42 In addition, patients with PD show already at an early stage of the disease difficulties in performing tasks demanding executive functions (Wisconsin Card Sorting Test) and attentional functioning (Stroop test). 6, 43 In this very early phase, the biochemical defect in PD is thought to be restricted to the dopaminergic system, at least in a subgroup of patients. These observations support the view that the brain dopaminergic system is involved with planning and internal control that is supposed to be under control of the frontal lobes.
A key question is why dopaminergic therapy in the long run does not alleviate the cognitive impairment in PD as it does for the motor symptoms. There is evidence that especially those cognitive symptoms thought to be related to frontal lobe function improve with dopaminergic therapy, 5, 18, 20 whereas temporal lobe functions, for instance, do not change. 5, 19 It is evident that dopaminergic defects alone cannot explain all the various cognitive symptoms and the possible development of dementia in PD. The pathophysiological basis of generalized cognitive impairment in PD might include concomitant Alzheimer pathologic features or the presence of cortical Lewy bodies and defects in neurotransmitter systems other than the dopaminergic system. This multifactorial basis of generalized cognitive impairment and dementia in PD involves various cortical areas and their connections. Therefore, ligands reflecting general metabolic activity such as [
18 F]fluorodeoxyglucose understandably correlate with the degree of cognitive impairment in PD. 44, 45 Frankly demented patients with PD show a pattern of reduced [ 18 F]fluorodeoxyglucose typically seen in Alzheimer disease, with posterior parietal and temporal areas being most affected. 46, 47 This pattern is even described in one patient with PD showing at autopsy only Lewy body pathologic evidence and no Alzheimer-type lesions. 48 The severity of motor symptoms of our patients with PD correlated with reduced [ 18 F]fluorodopa uptake in the putamen, in accordance with pathological studies 16, 39 showing preferentially ventrolateral loss of neurons in the SN correlating with the severity of motor symptoms of patients. Similar correlations have been found with PET or single photon emission CT studies using various dopaminergic ligands. [49] [50] [51] [52] In our study in the caudate nucleus, the correlation between [ 18 F]fluorodopa uptake and motor performance was nonsignificant, although a trend for reduced [ 18 F]fluorodopa uptake with more severe motor symptoms was seen. One possible explanation for the modest correlation between motor symptoms and striatal [ 18 F]fluorodopa uptake is that in our patients the motor severity, assessed by the modified Hoehn and Yahr scale, was mainly 2, 2.5, or 3; only 1 patient was in stage 1.5 and 2 patients were in stage 4.
In conclusion, our results show that reduced [
18 F]fluorodopa uptake in the caudate nucleus and the frontal cortex is related to impairment in neuropsychologic tests for working memory, attentional, and executive functioning probably linked to frontal lobe function. This indicates that dysfunction of the dopamine system has an impact on cognitive impairment of patients with PD. However, our results do not exclude the possibility of more generalized cognitive impairment in PD, the pathophysiologic basis of which is probably also more generalized.
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